Lactic acid bacteria (LAB) are found in a great variety of habitats, including grape must and wines. There is a close relationship between the species of LAB which develop during fermentation and the eventual quality of the wine. For these reasons analytical techniques allowing fast and reliable identification of wine LAB are needed. In this work a simple and accurate protocol for identifying species of LAB isolated from grape must and wine is presented. This protocol is based on the amplification, directly from colony, of 16S rDNA and later digestion with one of the following restriction enzymes BfaI, MseI and AluI. A sequential use of the three enzymes is proposed to simplify LAB wine identification, first MseI, then BfaI and finally, if necessary, AluI digestion. The technique was able to discriminate 32 of the 36 LAB reference species tested and allowed the identification of 342 isolates from musts and wines. 
Introduction
Lactic acid bacteria (LAB) are a diverse group of Gram+, non-spore forming, catalase negative bacteria. They are chemo-organotrophic and ferment hexoses mainly to lactate (homofermentatives) or to a mixture of lactate, ethanol or acetate and CO 2 (heterofermentatives). Lactic acid bacteria are found on plants, in sewage, in the genital, intestinal and respiratory tracks of man and animals, and in fermented foods and beverages (dairy products, meat, fish, vegetables, sour dough, beer and wine) [20] . In winemaking LAB coming from grapes or from cellar machinery develop during the process showing the characteristic dynamics of the species [5, 22] . Some LAB are responsible for malolactic fermentation, a secondary "fermentation" which reduces acidity, gives a higher microbiological stability and improves organoleptic characteristics [7, 22, 27, 28] . LAB are also responsible for some defaults in wine such as: ropiness, lactic spoilage, mannitol taint, etc [24] .
Due to the important role of LAB in winemaking, the identification of these microorganisms is of great scientific and practical interest. Physiological and biochemical criteria used for LAB strain identification are often ambiguous because most of the bacteria have very similar nutritional requirements and grow under similar environmental conditions [37] . Therefore, a clear identification to species level by simple phenotypic tests may sometimes be difficult.
Recently, research has focussed on the application of molecular biology methods for microbial identification of wine LAB, such as cellular fatty acids analysis [32, 35] ; whole-cell protein analysis [11] [12] [13] ; DNA-DNA hybridisation studies [14, 23, 30, 31, 33] and species-specific PCR [34, 42] .
Restriction analysis of the amplified 16S-rDNA (PCR-ARDRA) has been used for the differentiation of a variety of microorganisms. The first description of the technique was given by Vaneechoutte et al. [38] who used it for the identification of Comamonadaceae. 16S-ARDRA has also been applied for identification of lactobacilli isolated from dairy products [1, 10, 18] , from faecal and vaginal samples [39] , and for differentiation of O. oeni from other wine LAB [29] .
In the present work, we have evaluated the 16S-ARDRA technique for the rapid identification of lactic acid bacteria species isolated from the winemaking process and other habitats. The reliability of this technique was tested with 376 isolates from must and wine samples.
Materials and Methods

Bacterial strains and growth and maintenance conditions
Lactobacillus, Leuconostoc, Oenococcus, Pediococcus and Weissella reference strains used in this study are listed in Table 1 . The isolates used in this study (376) come from grape musts and wines and belonged to our collection.
All strains were grown in MRS broth (Scharlab, Barcelona, Spain) supplemented with L-cysteine hydrochloride (0.5 g l -1 ) at 28°C. Cultures were maintained frozen at -20 °C in 20% glycerol and lyophilised.
Assignation of isolates to the LAB group
Wine isolates were characterized as LAB on the basis of their character Gram +, absence of catalase and production of lactic acid from the hexoses fermentation [4] . The analysis of the final products of metabolism was done by HPLC (Merck Hitachi, L-4250 UV-VIS at 210 nm detector and RI-71 Refraction Index) as described by Frayne [17] .
Sample preparation prior to PCR amplification
Strains were grown on MRS agar supplemented with L-cysteine hydrochloride (0.5 g l -1 ) at 28 °C for 2-3 days. One single colony was picked up from plates and suspended in 20 µl of sterile distilled water. These suspensions were used in the PCR amplification without further processing.
Amplification and restriction analysis of 16S-rRNA gene
Primers pA and pH were used to amplify 16S-rDNA as already described [36] . DNA amplification was carried out in 50 µl PCR mixture containing 200 µM dNTP, 1 µM of each primer, 20 mM Tris-HCl pH 8.4, 50 mM KCl, 2 mM MgCl 2 , 2 U of Taq polymerase (Invitrogen Technologies) and 1 µl of the cell suspension. PCR was performed in a PTC-100 TM Thermal cycler (MJ Research, Watertown, USA). Each cycle consisted of an initial denaturation time of 5 min at 94 °C followed by 35 cycles of amplification comprising a denaturation step for 30 s at 94°C, annealing at 56 °C for 30 s, and extension at 72 °C for 1 min. Reactions were completed with 5 min elongation at 72 °C followed by cooling to 10 °C. PCR products were resolved by electrophoresis in 1.2% (w/v) SeaKem ® LE agarose (FMC, Rockland, ME, USA) in 0.5 × TBE (45 mM Tris-HCl, 45 mM boric acid and 1 mM EDTA pH 8.0) gels, stained with ethidium bromide (0.5 µg ml -1 ). The images were digitalized with GelPrinter Plus by TDI (Madrid, Spain) and the DNAs were quantified using low DNA Mass Ladder (Gibco, BRL) as molecular weight standard.
Restriction of the amplified fragment was carried out overnight at 37 °C in 20 µl volumes of incubation buffer (New England Biolabs, USA) containing 5 U of the restriction enzyme (BfaI, MseI or AluI) and the adequate volume of PCR product to get 500 ng DNA (2-10 µl).
Restriction fragments patterns were analysed in 2.0% (w/v) SeaKem ® LE agarose (FMC, Rockland, ME, USA) in 0.5× TBE using 1 Kb plus ladder (Gibco, BRL) as molecular size marker, and staining and digitalisation as above conditions.
Nucleotide sequence accession numbers
The GenBank accession number of the 16S rRNA gene sequences used in this work is listed in Table 1 . 
Data analysis
Digitalized images of different experiments were introduced on BioNumerics software version 2.5 (Applied Maths, Kortrijk, Belgium) that carried out conversion and normalization. The densitometric traces of the band profiles were analysed and molecular sizes of different DNA fragments were calculated. Calculation of similarities between band profiles was made using the Dice coefficient. A dendrogram was deduced from the matrix of similarities by using the unweighted pair group method using an arithmetical average. In the analysis of each experiment, duplicate experimental profiles of 10 random selected strains were included to evaluate the level of reproducibility.
The data for each strain with each restriction enzyme were combined with the BioNumerics software, maintaining the same similarity coefficient used for single patterns analysis, and analysed with the UPGMA clustering method.
Results
Theoretical results
The 16S-rDNA sequences of the Lactobacillus, Leuconostoc, Oenococcus, Pediococcus and Weissella reference strains were retrieved from the GenBank database. The 16S rDNA theoretical restriction profiles of each species were obtained by using the informatic program RECUTTER (New England Biolabs, http://www.neb.com), then the profiles were compared in order to select the most discriminative restriction enzymes. After analysis, BfaI and MseI were chosen.
The BfaI patterns permit the discrimination of almost all studied lactic acid bacteria with the exception of the following species groups: Group I (L. plantarum and L.
. rhamnosus and L. zeae) and Group III (P. acidilactici and P. pentosaceus). The theoretical profiles are shown in Table 2 .
The MseI restriction shows a higher discrimination capacity than BfaI. It is able to distinguish the same species as BfaI, but also discriminates between L. paracasei subsp. paracasei and L. rhamnosus in group II and P. acidilactici and P. pentosaceus in group III (data shown in Table 2 ).
The AluI enzyme is useful to discriminate the L. plantarum and L. pentosus species but not the species in groups II and III (data not shown).
Experimental results
16S rDNA was amplified from single colony yielding DNA of sufficient quality for the 16S-ARDRA method. No inhibition of the amplification neither the restriction were observed, and no differences occurred when compared to purified DNA in some parallel tests (data not shown). As expected, fragments of approximately 1500 bp corresponding to the 16S rRNA genes were obtained. The experimental profiles are shown in Table 2 , MseI fragments smaller than 86 bp could not be reproducibly visualized on gels and were not included in these tables. One example of BfaI and MseI restriction patterns of some strains is shown in Figs. 1 Based on a computerized numerical analysis of combined 16S-ARDRA patterns, the reference strains grouped into 32 clusters at a similarity level 99%, showed in Fig. 5 . Cluster C1 is formed by L. cellobiosus and L. fermentum, cluster C9 by L. zeae and the type strain of L. casei, cluster C10 by L. casei ATCC 334 and L. paracasei subsp. paracasei, cluster C12 by L. reuteri and L. oris, cluster C20 contained the three subspecies of L. delbrueckii and cluster C21 by L. pentosus and L. plantarum. Cluster C28 comprised the three subspecies of Leu. mesenteroides. The rest of the clusters contained only one reference strain. The calculated global cophenetic correlation value for the 16S-ARDRA combined patterns was 0.82, indicating a good level of reliability.
The couple L. reuteri-L. oris could be differentiated using BfaI pattern analysis, but could not be distinguished neither with MseI pattern analysis nor the combined analysis. This discrepancy can be explained by the grouping method used in the BioNumerics program. The data matrix of BfaI pattern analysis shows that this couple has 100% similarity (S), L. reuteri and species of L. casei group have 100%S, whereas L. oris and the L. casei group have 80.1%S. However, as a consequence of ap- Abbreviations: NA -no available data at the databases; We evaluated the potentiality of AluI for differentiation of those species grouping into the same cluster in This technique allowed the identification at species level of 32 of the 36 reference species tested that belonged to five genera: Lactobacillus, Leuconostoc, Oenococcus, Pediococcus and Weissella.
After demonstrating its reliability, 16S-ARDRA was used to identify a vast group of LAB isolated from wines (376 isolates). It was able to identify two species of pediococci [P. parvulus (118 isolates) and P. pentosaceus ( 
Discussion
The ARDRA protocol described in this work allowed the rapid and reliable identification of the majority of LAB present in the winemaking process. The technique has been validated by comparing the results obtained by a polyphasic analysis of the strains under study that included various molecular methods such as RFLP-PFGE, RAPDs and Ribotyping (data not shown).
The species most frequently found in the vinification process were P. parvulus, O. oeni and L. hilgardii, and the rarest P. pentosaceus, L. collinoides and L. coryniformis. Previously published methods to identify these LAB are much more laborious than 16S-ARDRA and, in some cases, require extended database to compare complex profiles, as is the case of fatty acid or whole cell protein analysis. In other cases, a high number of probes or specific primers and many different hybridisations or PCR reactions are needed (DNA-DNA hybridisation or specific PCR). 16S-ARDRA simplifies to a minimum the identification procedure because it can be performed directly from the colonies grown on the isolation plates. Each colony provides the DNA template to obtain the 16S rDNA amplification fragment, that is then restricted with MseI and/or BfaI and AluI. A conventional agarose electrophoresis and a simple visual comparison with reference strains is enough to obtain an accurate identification.
When theoretical and experimental BfaI and MseI patterns were compared, we found some differences in both number and size of the bands. Some of these differences can be explained by the fact the size of 16S rDNA amplification fragments obtained by us was larger than those published in the GenBank database, and thus our terminal 3' and 5' restriction fragments were always longer than the reported ones. Other discrepancies with theoretical results could be attributed to punctual errors in published sequences, which imply the disappearance or the appearance of one or more restriction sites in the experimental results. Differences between theoretical and experimental profiles of L. brevis, L. fermentum and L. delbrueckii subsp. bulgaricus digested by BfaI and in L. reuteri digested by MseI could be explained by the disappearance of one restriction site; in MseI profile of Leu. pseudomesenteroides by the disappearance of several restriction sites, and in MseI profiles of L. hilgardii and O. oeni by the appearance of one restriction site.
One limitation of this method is its inability to discriminate species that share a high 16S rDNA sequence homology as L. plantarum and L. pentosus [6, 26] , as it happens for all the techniques based on 16S rDNA sequences. Instead of their high 16S homology, they are separated species on the basis of DNA-DNA hybridisation studies [41] . Despite that the 16S rDNA sequence of L. cellobiosus is not available in the public database, our results show that it can not be distinguished from L. fermentum by 16S-ARDRA, making evident the high homology of their ribosomal genes. Other data supporting the taxonomic proximity of these two last species are their high phenotypic similarities, complete DNA/DNA homology [21] and their identity according to the results obtained by tDNA-PCR technique [2] . It is well documented that L. delbrueckii subsp. delbrueckii, L. delbrueckii subsp. lactis and L. delbrueckii subsp. bulgaricus belong to the same species on the basis of their high DNA-DNA homology (80%) [40] . Collins et al. [6] and Vandamme et al. [36] demonstrated that the three subspecies of L. delbrueckii can not be discriminated by rRNA sequence analysis. The same case occurs with the three subspecies of Leu. mesenteroides-subsp. mesenteroides, subsp. cremoris and subsp. dextranicum-, whose DNA-DNA reassociation ranges from 66 to 100% [19] . Later studies on rRNA sequences showed a 100% homology between Leu. mesenteroides subsp. mesenteroides and Leu. mesenteroides subsp. cremoris [3] . These data demonstrate the difficulties of discriminating to subspecies level using the ARDRA technique, which is based in 16S rRNA gene. Giraffa et al. [18] were able to differentiate L. delbrueckii subsp. bulgaricus and L. delbrueckii subsp. lactis by 16S-ARDRA with EcoRI. We confirmed their results using our reference strains.
However, this disadvantage does not reduce the application of the method to identify wine LAB because the number of unidentified species is very low and, in these few cases, other methods such as RAPD can be applied in addition to 16S-ARDRA.
A curious result comes from the identification of 13 wine isolates such as L. paracasei subsp. paracasei. However, this species has not previously reported in wine [16] . The 13 isolates clustered together with the type strain of L. paracasei subsp. paracasei and L. casei ATCC 334 whereas type strains of L. casei and L. zeae clustered at 100%S in another cluster (Fig. 4) . These results reflect the unclear taxonomic position of L. casei and related species reported by some authors [8, 15, 25] , and support the Dellaglio et al. request [9] to the Judicial Commission on the International Committee of Systematic Bacteriology. These authors propose the change of the type strain of
L. casei ATCC 393
T by ATCC 334, the rejection of L. paracasei name, the inclusion of L. paracasei strains in L. casei, and the reclassification of ATCC 393 T as L. zeae. Our wine isolates will continue to be named L. paracasei subsp. paracasei while the Judicial Commission takes into account the Dellaglio et al. request [9] .
PCR fingerprinting by ARDRA is a method combining speed, specificity, simplicity and sensitivity. This technique allowed the identification at species level demonstrating the vast application of the technique as a general identification method not only for wine LAB but also for LAB from different habitats. We propose a sequential analysis for discrimination of wine LAB: first, digestion with MseI, then digestion with BfaI in the cases of Leuconostoc spp., and finally, if necessary, with AluI.
